Introduction: Single-port multiband antennas are traditionally presented as possible radiators for modern mobile phones. The most practical concepts are usually made up of a carefully shaped planar inverted-F antenna (PIFA) (with or without parasitic elements) positioned above a small printed circuit board (PCB) as an internal antenna [1] . However, these elements should be designed as multiport components to match with the radio front-end modules currently available in the wireless industry market, especially to avoid the additional losses introduced by the front-end switches of the RF chain (as in W-CDMA receivers [2] ). If the design of well-matched internal PIFAs co-located on the same PCB seems to be a reasonable task, improving their isolation and their total efficiency remains a big challenge, especially at frequencies where the phone chassis and its surroundings are contributing to the whole radiation mechanism. To the authors' knowledge, only a few publications address these issues still keeping the radiating elements closely spaced above a PCB [3] [4] [5] . Recently, we proposed a suitable technique to improve the isolation and the total efficiency of two closely spaced PIFAs positioned at the top edge of a PCB, radiating in the DCS1800 and UMTS standards [6] . It consisted in inserting a suspended line between the PIFAs to achieve a neutralisation effect. In this Letter, this method is now applied to a practical structure that can be encountered in realistic cellular handsets: two closely spaced PIFAs (0.003 l 0 at 900 MHz) operating in the GSM900=DCS1800 and UMTS bands. Two antenna systems have been designed using the IE3D MoM-based software and then fabricated and measured to validate the proposed technique.
Design of two PIFAs:
The two PIFAs were designed on a separate 100 Â 40 mm PCB. Each antenna was positioned at the top edge and fed by a 1 mm-wide metal strip connected to an SMA connector. They were shorted to the ground by a second strip having the same width. The air thickness between the radiators and the ground plane was set to 8.5 mm. The dual-band antenna had to simultaneously cover the GSM900 (880-960 MHz) and the DCS1800 (1710-1880 MHz) frequencies with the lowest return loss. The 3G antenna had to cover the UMTS band (1920-2170 MHz) with the same requirement. The optimised GSM=DCS1800 antenna was obtained by slightly modifying the dimensions of a previous concept, extensively described in [1] . The main plate was found to be 32 Â 29 mm to resonate at 940 and 1810 MHz. The length of the plate of the quarter-wavelength UMTS radiator was determined with the following analytical formula (28.3 mm at 2040 MHz):
where f r is the resonant frequency of the PIFA, c is the velocity of light in free space, L is the length of the plate, and H is the height of the PIFA. The optimised dimensions of this radiator were finally 25.75 Â 6 mm. The measured return loss of both antennas satisfied the À6 dB matching criterion usually required by mobile phone manufacturers. The measured maximum total efficiency of both antennas reached 90%.
Association of PIFAs on same PCB:
The two antennas were simply placed together at the top edge of the PCB (1 mm gap: 0.006 l 0 at 1.8 GHz) with their feed called port1 for the dual-band element and port2 for the UMTS radiator (Fig. 1) . The dimensions of both antennas were slightly modified to account for the observed small detuning effect. A prototype of this antenna system was fabricated using nickel-silver material: Cu, Ni, Zn alloy, conductivity 4 Â 10 6 S=m. In the higher frequency bands (Fig. 2) , a moderate agreement is seen between the theoretical and measured curves (measurement suffers from a 10% shift towards the low frequencies). An isolation level of 7.8 dB is measured, which is clearly lower than the expected one (11 dB). This was attributed to some unwanted coupling effect between the ferrite beads attached to the feeding cables of the PIFAs. Enhancement of isolation and efficiency by neutralisation effect: The idea was to compensate for the existing complex electromagnetic coupling of this structure: a capacitive coupling between the plates, a magnetic coupling between the facing shorting strips and a strong coupling via the electrical currents flowing on the PCB from one port to another. This was supposed to be done by introducing a suspended line between the PIFAs picking up a certain amount of the signal on one antenna and bringing it back to the other with proper amplitude and phase [6] . A top view of the optimised structure is shown in Fig. 3 where a meandered suspended line at the same height as the antenna's plates links their feeding strips. It was also found beneficial to introduce a lowpass filter effect in the GSM band by short-circuiting this line to the PCB (black dot in Figure 3 ). Fig. 4 shows an enhancement of the isolation in the DCS-UMTS bands (S 21 ¼ À15 dB) at the expense of an increase of the S 21 parameter to À12 dB in the GSM band (À15 dB in the un-neutralised antenna system). We have also measured the radiation efficiencies Z ray i of these two structures with a home-made Wheeler cap setup. The total efficiencies Z tot i were then deduced by using (2) and the measured S ij parameters according to the definition given in [6] :
In the upper band, the benefit of the neutralisation effect is directly translated into absolute increases of þ24 and þ18% of the respective maximum DCS and UMTS efficiencies (Table 1 ). This can be easily understood as we reduced the insertion loss between the two radiators. On the other hand, an absolute 4% deterioration of the maximum total efficiency in the GSM band is revealed because the S 21 parameter is higher at 900 MHz than in the previous un-neutralised antenna system. However, the new prototype is still very attractive because the same efficiency values we obtain for the antennas designed alone on separate PCBs are now achieved -90% (Table 1) . Conclusions: We have shown that the simple association of two very closely spaced PIFAs on a small ground plane was leading to poor isolation and low total efficiencies. To overcome these drawbacks, a neutralisation effect has been created by inserting a properly optimised suspended line between the antennas. Measurements have been carried out to validate the simulation results. The main advantages of our solution consist largely in its simplicity and the occupied space; the antenna structure is physically acceptable for practical implementations in realistic handsets. 
